Hepatitis C virus (HCV) belongs to the Flaviviridae family of viruses and is a leading cause of chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma worldwide (19, 32) . Globally, it is estimated that roughly 180 million people (3% of the population) are infected with HCV (13) . Although cellular and humoral immune responses are present during acute and chronic HCV infection, the immune response is low in efficiency for elimination of infection (12, 33, 37) . While CD4 ϩ and CD8
ϩ T-cell responses play a critical role in virus clearance during acute infection, the means by which HCV escapes host immune surveillance during chronic infection is less clear. In addition, during chronic infection host immune impairment exists, as response to neoantigen challenge in the form of vaccine is impaired (22, 28, 52) . One possible explanation for immune impairment during chronic infection is a defect in antigen-presenting cell (APC) function.
Dendritic cells (DCs) are APCs that are highly potent in naive T-cell activation. In the peripheral blood, two major DC populations can be identified: CD11C ϩ myeloid DCs (mDCs) and CD123
ϩ plasmacytoid DCs (pDCs) (5, 36) . mDCs are derived from a myeloid bone marrow precursor, produce large amounts of interleukin-12 (IL-12) after bacterial or viral infection and prime Th1 T-cell responses (5) . pDCs are thought to play a central role during the antiviral response through producing large amounts of alpha interferon (IFN-␣) (21, 36) . mDCs and pDCs have different patterns of TLR expression. mDCs express Toll-like receptor 1 (TLR1) to TLR6, TLR8, TLR10, and possibly TLR7, while pDCs express TLR1, TLR6, TLR10, and very high levels of TLR7 and TLR9 (25) (26) (27) 31) .
Several studies have shown the stimulatory capacity of monocyte-derived DCs (MoDCs) or mDC to be impaired in chronic HCV infection (3, 4, 29) . Possible mechanisms for this finding include reduced DC frequencies, increased IL-10 production, reduced IL-12 production, and loss of maturation capacity-all of which may be secondary to direct DC infection or indirectly mediated by soluble factors (2-4, 29, 49, 51) . HCV structural and nonstructural proteins have also been reported to inhibit DC maturation and function (16, 46) . In contrast, other studies have identified no defect in MoDC IL-12 production or T-cell stimulatory function (38, 39, 42) . Similarly, differing results have been reported on pDC function in chronic HCV infection, with some studies finding decreased pDC frequency, IFN-␣ production, and T-cell stimulatory capacity, while others have found no defects (2, 38, 39, 42, 49, 51, 54) .
Recently, an in vitro cell culture system for HCV has been successfully developed (34, 50, 53, 56) . Differing results have been reported regarding the effect of cell-cultured HCV (HCVcc) on DC function. Some reports describe an inhibitory effect of HCVcc on MoDC maturation and activation of antigen-specific T cells or TLR9 ligand-mediated pDC IFN-␣ production (45, 48) , while other studies have found no defects in HCVcc-treated mDCs, MoDCs, or pDCs (14, 18, 48) . In some studies, DC defects were thought to be in part attributable to JFH1-infected cell apoptosis (17, 48) . These discrepancies may result from differences in HCVcc (dose, genotype, or culture condition), DC source (mDCs or MoDCs), or functional readout. To further explore the direct effect of HCV on DC subset function and to identify mechanisms involved, we exposed freshly isolated, nonexpanded mDCs and pDCs to HCV (JFH1) or recombinant HCV proteins and evaluated the DC maturation, TLR ligand-induced DC maturation and cytokine production, and the capacity of DCs to activate naive CD4 T cells. Our results indicate that HCV inhibited TLR7 ligandmediated pDC CD40 expression, while upregulating mDC CD83, CD86, and CD40 expression in a virus replication-independent manner. The latter effects are partially mediated by CD81/HCV E2, TLR2, and HCV core protein. Furthermore, the presence of HCV impaired TLR ligand-mediated mDC and pDC activation of naive CD4 T cells, and this functional impairment may be partially mediated by HCV core protein.
These data extend our understanding of the mechanisms and effects of HCV directly on DC subsets and provide information that in part explain differences in prior study findings (14, 18, 45, 48) .
MATERIALS AND METHODS
Cell culture. The human hepatoma cell line Huh7.5 was provided by C. M. Rice (Apath LLC, St. Louis, MO) and was maintained in Dulbecco modified Eagle medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal bovine serum, 1% nonessential amino acid, 100 U of penicillin/ml, and 100 g of streptomycin/ml.
Production and titration of infectious HCV JFH1. HCV JFH1, a genotype 2a HCV strain, was grown on Huh7.5 cells. The pJFH1 plasmid was provided by T. Wakita (National Institute of Infectious Diseases, Tokyo, Japan). pJFH1 plasmid was digested with XbaI, and the linearized DNA was used for in vitro transcription of HCV plus-strand RNA with a MEGAscript T7 kit (Ambion, Austin, TX). Huh7.5 cells were washed twice with the reduced serum medium Opti-MEM I (Invitrogen) and then transfected with 10 g of JFH1 RNA using DMRIC-C (Invitrogen). Infectious JFH1 virus production was measured by transferring supernatant from transfected cells to naive Huh7.5 cells, followed by culture and then staining for HCV core expression by immunofluorescence using monoclonal mouse anti-HCV core (5 g/ml; Anogen, Mississauga, Ontario, Canada) and goat anti-mouse immunoglobulin G conjugated to Alexa Fluor 488 (20 g/ml; Invitrogen, Eugene, OR). Infected cells were cultured for 3 passages to achieve maximal infectivity (44) . The concentration of stock virus was 2 ϫ 10 6 focusforming units/ml as determined by titration, 4 ϫ 10 6 fmol of HCV core/liter as determined by an Ortho HCV core antigen enzyme-linked immunosorbent assay (ELISA; Ortho Clinical Diagnostics, Tokyo, Japan), and 2 ϫ 10 8 RNA copies/ml as determined by a COBAS AmpliScreen HCV test (v2.0; Roche, Pleasanton, CA). Infectious supernatants were filtered through 0.45-m-pore-size filter units, divided into aliquots, and stored at Ϫ80°C for DC experiments. Supernatants from uninfected Huh7.5 cells were used as a mock control. In some experiments, UV-induced apoptotic Huh7.5 cell supernatants were also used as a control.
Cell isolation. mDCs and pDCs were isolated from fresh peripheral blood mononuclear cells (PBMC) of healthy control donors using CD19 depletion, followed by CD1c DC-positive selection (for mDCs) or BDCA-4-positive selection (for pDCs) (Miltenyi Biotec, Auburn, CA) using sequential separation on AutoMacs (Miltenyi Biotec). Naive CD4 T cells were isolated by negative selection removing CD8-, CD14-, CD16-, CD19-, CD36-, CD45RO-, CD56-, CD123-, TCR␥/␦-, and glycophorin A-expressing cells (Miltenyi Biotec). Cells were cultured in complete RPMI with 5% human AB serum (Gemini Bio-Products, Woodland, CA), 2 mmol of L-glutamine/liter, 100 U of penicillin/ml, and 100 g of streptomycin/ml. All studies were approved by the institutional review boards at the Cleveland Veterans Affairs Medical Center and the University Hospitals of Cleveland.
HCV JFH1-treated mDC and pDC maturation. Freshly isolated mDCs or pDCs (3 ϫ 10 4 cells/well) were cultured in 96-well plates for 20 h with HCV JFH1 at a multiplicity of infection (MOI) of 10 as determined on Huh7.5 cells, with HCV JFH1 at an MOI of 1, with the supernatant from uninfected (mockinfected control) Huh7.5 cells, or with the UV-induced supernatant from Huh7.5 cells. In some experiments, JFH1 was treated with UV (254 nm using a 60-Hz, 0.16-A UV lamp at a distance of 6 cm for 1 min) to inactivate the infectivity (the time curve of UV treatment indicated that a 1-min treatment resulted in submaximal [90%] inactivation of infectivity for Huh7.5 cells). To detect the effect of HCV JFH1 on TLR ligand-induced DC maturation, mDCs were cultured with HCV JFH1 in the presence or absence of poly(I:C) (50 g/ml; Amersham Bioscience), while pDCs were cultured in the presence or absence of R848 (1 g/ml; InvivoGen) or CpG 2216 (10 M; Integrated DNA Technologies). To determine the effect of recombinant HCV proteins on DC maturation, recombinant HCV core (amino acids [aa] 2 to 120), NS3 (aa 1192 to 1457), NS4 (aa 1569 to 1931), or NS5 (aa 2054 to 2995) protein (10 g/ml; Chiron, Emeryville, CA) was added to mDCs or pDCs in the presence or absence of TLR ligand [poly(I:C) for mDCs and R848 for pDCs]. After 20-h culture, supernatants were collected for cytokine detection, while cells were harvested for cell surface CD83, CD86, and CD40 expression as determined by flow cytometry. Cells were washed with phosphate-buffered saline containing 0.01% bovine serum albumin and stained for surface marker expression of CD11c (BD Biosciences) for mDCs and BDCA-2 (Miltenyi Biotec) for pDCs. For DC maturation expression of CD83-fluorescein isothiocyanate (FITC) (clone HB15e), CD86-phycoerythrin (clone IT2.2) and CD40 phycoerythrin-Cy5 (clone 5C3) were detected. DC expression of CD81 and SR-BI was measured by using CD81-FITC (clone JS-81; BD Biosciences) and polyclonal anti-SR-BI with secondary goat anti-rabbit immunoglobulin G-FITC (Novus Biologicals and eBioscience, respectively). Stained cells were analyzed on a FACScalibur (BD Biosciences) flow cytometer with CellQuest software (BD Biosciences).
For analyzing the effect of blocking antibody on DC maturation, mDCs were incubated with monoclonal anti-CD81 (clone JS-81, 10 g/ml; BD Biosciences), anti-E2 (20 g/ml; Biodesign International), anti-TLR2 (clone T2.5, 10 g/ml; eBioscience), polyclonal anti-SR-BI (1:1,000; Novus Biologicals), or isotype control for 1 h. pDCs were treated with anti-CD81 or isotype control for 1 h. JFH1 was added, and the culture was continued for 20 h at 37°C. Cells were analyzed for maturation marker CD83, CD86, and CD40 expression.
Analysis of mDC and pDC maturation state in HCV-infected patients. Chronically HCV-infected subjects (n ϭ 18) had detectable serum HCV antibodies and RNA (n ϭ 15 [genotype 1], n ϭ 1 [genotype 3], and n ϭ 2 [genotype unknown]). No subjects had previously received therapy for HCV. Flow cytometry was performed on a LSRII (BD Biosciences, San Jose, CA) flow cytometer with CellQuest Software (BD Biosciences) using freshly prepared PBMC (2 ϫ 10 6 PBMC analyzed per sample). All stains were performed in the dark for 20 min at 25°C, and then cells were washed in phosphate-buffered saline with 0.01% bovine serum albumin, fixed in 1% paraformaldehyde, and stored at 4°C until analysis. PBMC were stained with either (i) anti-BDCA-1 or anti-CD19 monoclonal antibodies (MAbs; Miltenyi Biotec and BD Biosciences) for mDC analysis or (ii) anti-BDCA-2 MAb (Miltenyi Biotec) for pDC analysis. All PBMC were stained with anti-HLA-DR, anti-CD83, anti-CD86, and anti-CD40 MAbs. Live cells were identified by forward-and side-scatter analyses. mDCs were gated as CD19 Ϫ BDCA-1 ϩ HLA-DR ϩ cells, while pDCs were gated as BDCA-2 ϩ HLA-DR ϩ cells. For each DC subset CD83, CD86, and CD40 expression was determined by mean fluorescence intensity (MFI).
IFN-␥ ELISPOT assay of naive T-cell activation. Freshly isolated mDCs or pDCs (10 4 cells/well) were preincubated with JFH1 at an MOI of 10 or with recombinant HCV core, NS3, NS4, or NS5 protein at 10 g/ml in the presence or absence of poly(I:C) (for mDCs) or R848 (for pDCs) for 4 h, and then allogeneic naive CD4 T cells (2 ϫ 10 5 cells/well) were added to each well and cultured for a total of 72 h at 37°C. At 48 h, cells were transferred to enzymelinked immunospot assay (ELISPOT) plates (Whatman) precoated with IFN-␥ capture antibody (4 g/ml; Endogen). Naive CD4 T cells were obtained from two constant allogeneic donors (cells from one donor were used for evaluating all mDC-dependent naive CD4 T-cell activation, and cells from the other donor were used for evaluating all pDC-dependent naive CD4 T-cell activation). In some experiments, DCs were washed twice after a 4-h preincubation with virus to get rid of any virus or protein not cell associated and then treated as described above. Culture supernatants were analyzed for IL-2 and IL-10 by ELISA.
For analyzing the effect of blocking antibody on DC-mediated naive CD4 T-cell activation, DCs were pretreated with anti-IL-10 (10 g/ml; R&D Systems), anti-CD81, anti-TLR2 (mDCs only), or anti-SR-BI for 1 h, followed by IFN-␥ ELISPOT assay as discussed above.
Analysis of cytokine production. Cell supernatants were harvested for cytokine analysis by ELISA according to the manufacturer's standard protocols (IL-2, IL-6, IL-10, IL-12, and TNF-␣ from eBioscience; IFN-␣ from PBL Biomedical Laboratories, Piscataway, NJ).
Analysis for infection and replication in HCV JFH1-treated mDCs and pDCs. Purified mDCs or pDCs were cultured with HCV JFH1 at an MOI of 10 for 24 or 72 h. Cells were washed three times to get rid of any dissociative virus. Virus RNA was isolated from cells by using RNeasy minikit (Qiagen, Hilden, Ger- . HCV plus and minus-strand RNA was detected by strand-specific reverse transcription-PCR as described Blackard et al. (8) . Statistical analysis. We used conventional measures of central tendency and dispersion to describe the data. We compared categorical variables by using the Fisher exact test, independent continuous variables by using the Mann-Whitney U test, and values in the presence or absence of various stimuli by using the Wilcoxon signed-rank test. To assess the association among continuous variables, we used the Spearman's rank correlation coefficient. All comparisons are doublesided, and a P value of 0.05 was considered nominally significant.
RESULTS
HCV JFH1 enhances mDC expression of CD83, CD86, and CD40, while there is no direct effect of HCV on pDC maturation. To explore the direct effect of HCV on DC maturation state, mDCs and pDCs were cultured with JFH1 at an MOI of 10 and an MOI of 1 for 20 h. Surface markers of DC maturation were analyzed by flow cytometry. As shown in Fig. 1A , significant upregulation of CD83, CD86, and CD40 was observed on mDCs exposed to JFH1. The effect is concentration dependent, because increased expression of CD83, CD86, and CD40 was observed for HCV JFH1 (P ϭ 0.002, 0.003, and 0.005, respectively) at an MOI of 10, but not at for HCV JFH1 at an MOI of 1. In contrast, the presence of HCV JFH1 had no effect on pDC maturation at an MOI of either 10 or 1 (Fig.  1C) . These results indicate replicative-form HCV has differential effects on mDC and pDC maturation. Because HCV JFH1-induced HUH apoptosis has been previously reported (17, 48) , it is possible that HCV JFH1-associated HUH apoptotic factors participate in the HCV JFH1-mediated effect. Additional experiments with UV-induced apoptotic Huh7.5 cell supernatants revealed no direct effect on DC maturation, indicating soluble factors related to Huh7.5 apoptosis do not likely play a role here (results not shown).
The effect of HCV JFH1 on mDC and pDC maturation appeared to recapitulate what we have previously observed in samples freshly prepared from chronic HCV-infected individuals (54) . Because previous assays for CD83 and CD86 expression were performed on isolated DCs, potentially introducing activation stimulus at time of DC isolation, we analyzed another group of chronic HCV-infected individuals for mDC and pDC maturation state using unfractionated PBMC and flow cytometry. We again found results similar to those of our prior study (54) . Specifically, mDCs from HCV-infected patients show increased expression of CD83, CD86, and CD40 (Table  1) . These results indicate that the effect we observe with in vitro HCV JFH1 treatment of mDCs is consistent with what occurs in vivo. In contrast, pDCs from HCV-infected patients show increased expression of CD83 and CD86, differing from the in vitro culture results with HCV JFH1, perhaps indicating that indirect effects of virus on pDCs are operative in vivo.
TLR ligand-induced mDC and pDC maturation and cytokine production are differentially affected by HCV JFH1. Since DCs are commonly activated via TLR ligands, we evaluated the effect of replicative-form HCV on TLR ligand-induced DC maturation. We used the TLR3 ligand poly(I:C) to stimulate mDCs and the TLR7 ligand R848 to stimulate pDCs. These ligands were chosen based upon optimal activity in assays of TLR ligand-dependent naive CD4 T-cell activation (54) . As shown in Fig. 1B , poly(I:C) stimulation of mDCs resulted in significantly increased CD83, CD86, and CD40 expression, and the presence of HCV JFH1 did not inhibit this maturation process. In fact, CD86 expression was further increased by the presence of HCV JFH1 at an MOI of 10. On the other hand, HCV JFH1 inhibited R848-induced pDC CD40 expression (Fig. 1D ). The inhibitory effect was observed at MOIs of both 10 (P ϭ 0.047) and 1 (P ϭ 0.025).
To detect whether the presence of HCV affects DC cytokine production in response to TLR ligand, we measured culture supernatants of HCV JFH1 and TLR ligand-treated DCs for cytokine production (for mDCs, IL-12, IL-10, IL-6, and TNF-␣ and for pDCs, IFN-␣, IL-10, IL-6, and TNF-␣). HCV JFH1 had no effect on mDC TNF-␣ or IL-6 production in the presence or absence of poly(I:C) ( Fig. 2A) . No mDC IL-12 or IL-10 production was detected in these cultures (data not shown). R848-induced pDC IFN-␣ was also not affected by the presence of HCV JFH1. At the same time the presence of HCV JFH1 enhanced R848-induced pDC TNF-␣ production (Fig. 2B) . These results suggested that HCV JFH1 enhances TLR ligand-induced pDC secretion of select cytokines while having no observed effect on TLR ligand-induced mDC cytokine secretion.
TLR ligand-dependent mDC and pDC activation of naive CD4 T cells is inhibited by the presence of HCV JFH1. Since dendritic cells are unique in their potent ability to activate naive T cells and since chronic HCV infection is associated with impairment in ability of DCs to activate T cells (2, 4, 29, 49, 54) , we next analyzed the direct effect of HCV JFH1 on TLR ligand-dependent DC activation of naive CD4 T cells. In the absence of TLR ligand, mDC-dependent naive CD4 T-cell activation was observed, and the presence of HCV JFH1 inhibited mDC-dependent T-cell IL-2 (P ϭ 0.011, Fig. 3D ) and tended to inhibit mDC-dependent T-cell IFN-␥ (P ϭ 0.126, Fig. 3A and B) . Similarly, the presence of HCV JFH1 inhibited pDC-dependent naive CD4 T-cell IFN-␥ (P ϭ 0.017, Fig. 3A and C). Very little pDC-dependent naive CD4 T-cell IL-2 was observed (Fig. 3E) .
The presence of TLR ligand enhanced the ability of both mDCs and pDCs to activate naive CD4 T cells, and this activation was also inhibited by the presence of HCV JFH1 (mDCs, P ϭ 0.037; pDCs, P ϭ 0.008) (Fig. 3A, B, and D) . No IL-10 production was detected in either mDC or pDC stimulated T-cell supernatants. To address the possible direct inhibitory effect of HCV JFH1 on T-cell activation, we washed mDCs and pDCs twice after a 4-h preincubation with HCV JFH1 (before the addition of naive CD4 T cells) in order to remove virus not associated directly with DCs. After the wash- a For mDCs, n ϭ 10 control subjects; n ϭ 16 HCV-infected subjects; for pDCs, n ϭ 11 control subjects; n ϭ 18 HCV-infected subjects.
ing step, HCV JFH1-pretreated DCs still showed decreased naive CD4 T-cell activation activity, indicating that the effect of HCV JFH1 on DC activation of naive T cells requires an interaction between HCV JFH1 and DCs ( Fig. 3F and G) .
HCV JFH1 activity may be partially mediated by HCV core protein. It has been previously reported that HCV core and NS3 proteins can directly inhibit MoDC maturation and the allostimulatory capacity of immature DCs (16, 46) . To determine whether recombinant HCV proteins have inhibitory effects in our system and to identify specific components of the HCV virus particle that may be responsible for the activity of HCV JFH1, we treated mDCs and pDCs with recombinant HCV core, NS3, NS4, and NS5 proteins and evaluated DC maturation and the ability to activate naive CD4 T cells. Treatment of DCs with HCV core protein-but not NS3, NS4, or NS5 proteins-resulted in modest effects similar to treatment with HCV JFH1. As shown in Table 2 , HCV JFH1 HCV core protein modestly increased mDC CD83, CD86, and CD40 expression (P ϭ 0.011, 0.008, and 0.008, respectively) and inhibited R848-induced pDC CD40 expression (P ϭ 0.022). HCV core protein, but not HCV NS3, NS4, or NS5 protein, also modestly impaired TLR ligand-dependent mDC and pDC activation of naive CD4 T cells (mDCs, P ϭ 0.008; pDCs, P ϭ 0.041) (Fig. 4) . However, in contrast to HCV JFH1, HCV core protein inhibited R848-induced pDC IFN-␣ production (P ϭ 0.008) and poly(I:C)-induced mDC IL-6 production (P ϭ 0.009) ( Table 3 ). These effects were concentration dependent (data not shown). Together, these findings indicate HCV core protein, but not the other HCV proteins analyzed, has activity similar to that of HCV JFH1 on DC subsets, suggesting that HCV core protein may be in part responsible for the HCV JFH1 mediated activity. Notably, HCV E2 protein was not investigated in these experiments.
HCV JFH1-induced mDC maturation may be partially mediated by TLR2. HCV core protein has been shown to interact with TLR2 and facilitate MoDC defects (49) . mDCs are also known to express TLR2 (24) . We therefore specifically evaluated whether TLR2 was involved in the direct effects of HCV JFH1 on mDCs. In control experiments, anti-TLR2 blocking antibody inhibited TLR2 ligand (pam3cys)-induced mDC maturation (Fig. 5A ). This antibody also partially inhibited HCV JFH1-induced mDC CD40 expression (P ϭ 0.027; Fig. 5B ). In addition, anti-TLR2 antibody partially inhibited HCV JFH1-induced CD86 expression (P ϭ 0.028), whereas there was no significant inhibition of HCV JFH1-induced CD83 expression (data not shown), suggesting a modest but partial role for TLR2 in HCV JFH1-mediated mDC maturation. At the same time, TLR2 blockade did not abrogate the inhibitory effect of HCV JFH1 on mDC-mediated naive CD4 T-cell activation (data not shown), suggesting a different mechanism of DC activation and inhibition of DC-mediated T-cell activation.
HCV JFH1-induced mDC maturation is dependent on CD81. CD81 and scavenger receptor B type 1 (SR-B1) are required for HCV entry into hepatoma cell lines (11, 30, 43, 47, 55) . It has also been previously suggested that SR-B1 is involved in the MoDC uptake of replicative HCV (7). To identify whether either of these receptors are required for HCV effects in our system, we first evaluated whether freshly isolated mDCs or pDCs express either of these receptors. As shown in Fig. 6A , mDCs express CD81 and SR-B1, indicating these may be viable receptors for HCV JFH1-mediated DC activity. We next evaluated whether antibody blockade of CD81 or SR-B1 abrogated HCV JFH1 effects upon DC subsets. As expected, control assays indicated that antibody blockade of either CD81 or SR-B1 inhibits HCV JFH1 infection of Huh7.5 cells (Fig.  6B) . Additional control assays showed no toxic or inhibitory activity of these antibodies upon TLR ligand-induced DC activity (results not shown). Anti-CD81, but not anti-SR-B1, blocked HCV JFH1-induced CD40 expression (P ϭ 0.042; Fig.  6C ). In addition, anti-CD81 blocked HCV JFH1-induced mDC CD83 and CD86 expression (P ϭ 0.041 and 0.043, respectively; data not shown). In contrast, HCV JFH1-mediated inhibition of TLR ligand-dependent mDC activation of naive CD4 T cells was not abrogated by CD81 blockade (Fig. 6D) , again suggesting differing mechanisms for effects of HCV JFH1 on mDC maturation versus mDC-mediated T-cell activation. Because HCV interacts with CD81 via E2-CD81 inter- actions, we also evaluated the dependence of HCV JFH1-induced MDC activation on E2 using blocking antibody. As shown in Fig. 6F , HCV JFH1-induced mDC CD83, CD86, and CD40 expression was partially blocked by anti-E2, suggesting that binding of CD81/E2 is likely required for HCV JFH1-mediated mDC maturation. The E2 blocking antibody was notably formed against HCV genotype 1 protein, indicating cross-reactivity with genotype 2 HCV here. Increased IL-10 production from HCVcc-treated MoDCs has been reported to be associated with impaired MoDC abil- ity to stimulate antigen-specific CD4 ϩ and CD8 ϩ T cells (45). Although we did not detect any IL-10 production in the supernatants of cultured mDCs, pDCs, or mDC-and pDC-activated CD4 T cells, we considered whether undetectable amounts of IL-10 may have contributed to the impaired naive CD4 T-cell activation. IL-10 blocking antibody, functional in the abrogation of IL-10-mediated inhibition of phytohemagglutinin-stimulated PBMC IL-2 and TNF-␣ production (data not shown), did not abrogate HCV JFH1-mediated inhibition of TLR ligand-dependent mDC (Fig. 6E ) and pDC (data not shown) activation of naive CD4 T cells. In addition, real-time PCR analysis of three healthy control mDC samples in the absence or presence of HCV JFH1 revealed no more than a 1.5-fold increase in IL-10 mRNA level when HCV JFH1-treated mDCs were compared to control treated mDCs (data not shown). We are therefore unable to identify a role for IL-10 in the present system.
Although pDCs also express CD81 at lower levels than do mDCs (data not shown), the effect of HCV JFH1 on TLR7 ligand-induced pDC CD40 expression and pDC activation of naive CD4 T cells was not abrogated by anti-CD81 blocking antibody (results not shown).
Viral replication is not required for the effect of HCV JFH1 on mDC and pDC maturation. It is controversial whether HCV can infect and replicate within human DCs since no evidence of HCV protein expression has been found within DCs (4, 20, 41) . Using a stock of UV-treated HCV JFH1 (characterized to have 90% reduction in infectious activity), we found that UV-treated HCV JFH1 has similar effects compared to non-UV treated HCV JFH1 on mDCs (Fig. 7A) and pDCs (Fig. 7B) . This is consistent with an activity that is viral replication independent.
As an additional means of evaluating whether infection of DCs is required for the effects observed, PCR-based analysis for plus-and minus-strand HCV revealed no detectible minusstrand HCV RNA in seven different mDC samples treated with HCV JFH1, whereas minus-strand HCV RNA was readily detectible in HCV JFH1-treated Huh7.5 cells (not shown). At the same time plus strand HCV RNA was detected in five of seven mDC samples treated with HCV JFH1 at an MOI of 10 for 20 and 72 h. Plus-and minus-strand HCV RNA was identified in one of four pDC samples, indicating that HCV may infect a portion of pDCs (not shown). Taken together, these data indicate that while HCV may enter mDCs, we find no evidence for virus replication, and virus replication is not necessary for HCV JFH1-mediated effects on mDCs or pDCs.
DISCUSSION
Dendritic cells are responsible for initiation and regulation of immune responses (6, 35) . We and others have described mDC and pDC numerical and functional defects during chronic HCV infection (2-4, 29, 49, 54) . In particular, we have previously identified a state of enhanced mDC maturation in the setting of chronic HCV infection (54) and an impairment in TLR ligand-dependent pDC activation of naive CD4 T cells (54) . The results presented here indicate that replicative-form HCV can directly activate mDCs to express markers also observed to be enhanced in expression during chronic HCV infection. This effect is likely in part mediated by HCV core protein, is dependent on CD81 and HCV E2, and appears to be partially dependent on TLR2. At the same time, HCV has an inhibitory effect on mDC-mediated naive T-cell activation. The latter activity does not appear to be CD81 or TLR2 dependent and was not observed in our previous study of mDCs freshly prepared from HCV-infected individuals (54), suggesting a different mechanism of effect. pDC assays indicated no direct HCV JFH1-mediated activation of pDCs. At the same time, TLR7 ligand-mediated pDC CD40 expression and activation of naive CD4 T cells are inhibited by the presence of HCV JFH1, an observation consistent with our previous findings of cells derived from chronically HCV-infected individuals (54) . Overall, we show here that HCV directly activates mDCs in a CD81-and TLR2-dependent manner and yet inhibits TLR ligand-dependent mDC activation of naive CD4 T cells, whereas TLR ligand-induced pDC activation and pDC-mediated naive CD4 T-cell activation are inhibited by HCV. Since HCV core protein alone tends to provide similar activities, a portion of HCV JFH1-mediated activities may be attributed to HCV core protein.
With the recently developed system for replicative-form, in vitro cell-cultured HCV, four recent reports present somewhat differing results about the effect of HCV on mDC or MoDC and pDC function, with some studies suggesting HCV-mediated inhibition versus no effect on DC maturation or the capacity to activate T cells (14, 18, 45, 48) . Our results of HCV JFH1-induced mDC maturation (upregulation of CD83, CD86, and CD40 expression) and yet no effect on TLR ligandinduced mDC maturation or cytokine secretion are entirely consistent with our current (Table 1 ) and previous (54) ex vivo data of mDCs from HCV-infected patients. This suggests HCV may affect mDCs by mechanisms observed here in our in vitro experiments. Saito et al. (45) recently reported that HCV MoDCs), different culture conditions including DC-activating stimuli [poly(I:C) versus lipopolysaccharide], or different amounts of virus used in these experiments. Regarding the latter issue, two doses of HCV JFH1 (MOIs of 10 and 1) were used in our experiments. This is equivalent to 1.5 ϫ 10 8 and 1.5 ϫ 10 7 RNA copies/ml or to 5 ϫ 10 3 and 5 ϫ 10 2 RNA copies/cell, respectively. Importantly, we found HCV JFH1 affected mDC maturation and T-cell activation at an MOI of 10 but not at an MOI of 1, which is actually in direct agreement with the results of Ebihara et al., who found no induction or inhibition of MoDC maturation at an equivalent RNA level to our MOI of 1 (18) . Similarly, our results at 1.5 ϫ 10 7 RNA copies/ml (MOI ϭ 1) are also in agreement with the findings of Shiina et al. at 1 ϫ 10 7 or 5 ϫ 10 7 RNA copies/ml (equal to 50 or 100 copies/cell, respectively), which showed no effect on either mDC or MoDC maturation (48) . Therefore, when the virus amount is increased to 1.5 ϫ 10 8 RNA copies/ml or an MOI of 10, as used here, the presence of HCV JFH1 stimulated mDC maturation. We propose that the virus particle concentration is a key factor for this effect on mDC maturation and function and that, while this concentration is probably 10-fold greater than average measurable plasma levels of HCV, there are likely compartments such as the liver where much higher virus particle concentrations exist, perhaps accounting for the mDC activation phenotype observed here and in our previous study (54) by mechanisms described here. Taken together, HCV JFH1 can activate mDCs in a virus concentration-dependent fashion. CD81 is known to be involved in HCV entry and is known to interact with HCV E2 (11, 30, 43) . Our data indicate that although virus replication was not necessary for HCV JFH1-induced mDC maturation (Fig. 7A ), CD81-E2 interaction is necessary, and TLR2 is partially required (Fig. 5B, 6C , and 6F). We therefore propose that the interaction between HCV FIG. 7. Virus replication is not necessary for an HCV JFH1 effect on DC maturation. (A and B) HCV JFH1 was irradiated with UV at 254 nm (at a distance of 6 cm for 1 min). Freshly purified mDCs (A) and pDCs (B) were cultured with HCV JFH1 or UV-treated HCV JFH1 at an MOI of 10 for 20 h. TLR7 ligand R848 was added to pDC culture. Maturation marker was detected by flow cytometry. mDCs, n ϭ 4; pDCs, n ϭ 7.
E2 and CD81 is one step involved in HCV JFH1-mediated mDC activation. Consistent with this model is the prior finding that that HCV E2 increases MoDC CD80, CD83, CD86, CD40, and major histocompatibility complex II expression (57) . However, in contrast to results obtained by Zhou et al. (57) that E2-matured MoDCs showed a greater capacity to stimulate T-cell proliferation, IFN-␥ production, and IL-12 production, we found an impaired mDC capacity to activate naive T cells. One likely factor in the differences observed between that study and the results presented here is that intact virus particles were used here. In fact, as stated above, we also see a partial dependence on TLR2 and an overlapping profile of effects conferred by recombinant HCV core protein, suggesting that there is a mechanism beyond just interaction with CD81, likely in part related to HCV core protein interacting with TLR2, that accounts for a different activation phenotype and function.
HCV core protein has been previously reported to suppress DC function (16, 46) . We found that HCV core protein exhibited similar effects compared to HCV JFH1 on DCs, except for inhibiting TLR ligand-induced mDC IL-6 production and pDC IFN-␣ production. Notably, the HCV core protein concentration used in these in vitro cultures (10 g/ml) is well above that which exists in the periphery of infected humans (100 pg/ml). The final HCV core concentration within HCV JFH1 culture experiments was 3 M or 66 ng/ml and is also above that which normally exists in the periphery of infected humans. Again, as stated above, within local regions of infected liver the concentration of HCV may exceed that which exists in the periphery and perhaps reach the levels used here. These results suggest that HCV core may mediate at least a portion of activities induced by HCV JFH1 and that HCV core protein free from intact virus particles present in virus preparations, such as are present in human plasma (1, 9, 40) , may mediate a portion of this effect. TLR2 present on innate immune cells has been previously reported to interact with HCV core and NS3 proteins (49) . Our results with TLR2 blockade suggest that this mechanism may be operative in direct virus particle-DC interactions (Fig. 5B) .
TLR ligand-dependent mDC activation of naive CD4 T cells was found to be impaired by HCV JFH1, an effect apparently in opposition to what would be expected based upon the enhanced maturation phenotype observed with direct stimulation of mDC with HCV JFH1. This suggests that the mechanism of HCV JFH1 impairment of mDC activation of naive CD4 cells may be different from that of HCV JFH1-induced mDC maturation. Consistent with the concept of differing mechanisms, HCV JFH1-mediated inhibition of mDC activation of naive T cells was not abrogated by CD81 or TLR2 blockade. While T-cell activation and DC activation assays differed in time course (72 h versus 20 h), it is reasonable to consider that different mechanisms are likely operative. While IL-10 is known in other systems (including HCV systems) to be operative in the inhibition of T-cell activation and Th1 polarization, we found no evidence for this factor participating in the HCV JFH1 effects observed in our system (15, 45) .
We and others have previously reported pDC numerical and functional defects in chronic HCV infection (2, 49, 54) . In the present study, we found that HCV JFH1 inhibited TLR7 ligand-mediated pDC CD40 expression, and this was associated with a decreased ability to activate naive CD4 T cells, indicating that reduced CD40 expression may play a role in reduced T-cell activation. The latter would be entirely consistent with the known role of CD40-CD40L interaction in the pDC activation of T cells toward Th1 polarization (10) . Neither of these effects appeared to be mediated by CD81, and virus replication was not required. To our knowledge, this is the first report that in vitro-cultured HCV affects TLR ligand-induced pDC maturation marker expression and naive T-cell activation. Interestingly, although HCV JFH1 increased TLR7 ligand-induced pDC TNF-␣ production, we found that HCV JFH1 had no effect on TLR7-induced pDC IFN-␣ production (Fig. 2B) . Shiina and Rehermann (48) recently reported that HCV JFH1 inhibits CpG-induced pDC IFN-␣. In additional assays (not shown) we also find that HCV JFH1 inhibits CpG induced pDC IFN-␣ and TNF-␣ production, suggesting that HCV JFH1 has different effects on different TLR ligand-induced pDC activities.
In conclusion, our studies demonstrate that HCV JFH1-stimulated mDC maturation is mediated by CD81 and partially by TLR2, whereas HCV JFH1-inhibited TLR7 ligand-induced pDC CD40 expression is independent of CD81. The effects of HCV JFH1 on DCs did not require virus replication. Moreover, HCV JFH1 impaired the naive T-cell activating capacity of both mDCs and pDCs. By using recombinant HCV proteins, we further demonstrated that HCV core protein may mediate a portion of the HCV JFH1 effect on DC maturation and naive CD4 T-cell activation capacity. These results indicate differential mechanisms of effects of HCV on mDC and pDC function in HCV-infected individuals and provide targets for future mechanistic and interventional studies.
